nator mixtures has already proven commercially sucfactor, hybrid as the subplot factor, and cytoplasm as the sub-subplot cessful for the production of high oil maize (Bergquist factor. Cytoplasm effects were highly significant, with percent seed et al., 1998a) and high grain quality maize (Bergquist set on A 1 F 2 individuals averaging 74%, and on A 3 F 2 individuals et al., 1998b ). It appears that exploiting male sterile:male averaging 0.04%. Upper confidence limits (P ϭ 0.05) for percent seed fertile pollinator mixtures to reduce the threat of transset were 1.32% or less for the progeny from all A 3 hybrids. Polymerase gene flow through pollen in sorghum could be commerchain reaction (PCR) analysis confirmed that four male fertile individcially viable.
uals (from a population of 1007) were detected with A 3 cytoplasm.
Nearly all commercial sorghum hybrids are currently
These results support the hypothesis that gene flow through pollen produced by means of A 1 cytoplasmic male sterile seed can be severely restricted but not eliminated in sorghum by the use of A 3 cytoplasmic male sterility.
parents. This is at least partially due to the availability of many lines known to restore fertility (R-lines) when crossed to A 1 cytoplasm (Bosques-Vega et al., 1989; Torres-Cardona et al., 1990) . Since many lines are A critical impediment to field testing and deployknown to restore fertility in A 1 cytoplasm, the probabilment of transgenic sorghum is the risk of gene ity of male fertile volunteer escapes following sorghum flow to weedy relatives through pollen. Crop-to-weed harvest is also high. In a system such as that proposed gene flow has been documented from sorghum to johnby Feil et al. (in press) , the risk of transgene flow from songrass [Sorghum halepense (L.) Pers.], a noxious fertile volunteer escapes is unacceptable for sorghum weed, at distances of up to 100 m (Arriola and Ellstrand, hybrids based on A 1 male sterile cytoplasm. Even if 1996). Although the triploid progeny of johnsongrass ϫ lines known to maintain A 1 cytoplasmic male sterility sorghum hybrids would be expected to be sterile, viable (B 1 -lines) were to be used as pollinators in the mixture, seed production on johnsongrass ϫ sorghum hybrids stray pollen from shattercane or neighboring sorghum has been reported (Arriola and Ellstrand, 1997; Hoang- fields with the capacity to restore fertility to A 1 cyto- Tang and Liang, 1988) and fitness of hybrid progeny found to be equivalent to johnsongrass (Arriola and plasmic male steriles could be expected to pollinate Ellstrand, 1997) restore fertility are well established, the risk of fertility restoration by random pollen under field conditions has had remained covered throughout the pollination period were not been assessed. The objective of this study was to included in the data set.
measure the frequency of fertility restoration in seed
The data were analyzed with a generalized mixed linear from A 3 cytoplasmic male sterile hybrids produced unmodel with SAS's macro GLIMMIX (Littell et al., 1996) . This der field conditions. approach assumes a binomial response for the data and allows for random effects in the model. After combining subsamples, data were analyzed as a split-split plot with year of F 2 seed
MATERIALS AND METHODS
production as the main plot factor, hybrid as the subplot factor and cytoplasm as the sub-subplot factor. Year of fertility evalu-
Open Pollination of F 1 Hybrids
ation was considered random variable and was tested with Twelve isocytoplasmic F 1 hybrids were produced in A 1 , A 2 , residual error. Glimmix uses a LOGIT transformation when A 3 , and A 4 cytoplasm (A 3 hybrids shown, Table 1 ) and grown binomial data are being analyzed. The estimated LOGIT in hybrid yield trials in 1997 and 1998 at the University of transformed values for each of the A 3 hybrid means and the Nebraska Field Laboratory at Ithaca, NE (Sharpsburg silty estimated stand errors were used to calculate the confidence clay loam [fine smectitic mesic Typic Agriudoll]). Plots were limits. The resulting confidence intervals were then back trans-7.6 m long, with two rows spaced 76 cm apart. The experimenformed for reporting and discussion. tal design was a split plot with hybrid the main plot factor, cytoplasm the subplot factor, and was replicated four times. PCR analysis to confirm seed purity (as indicated by A 3 cytoand atrazine [6-chloro-n-ethyl-N'-(1-methylethyl)-1,3,5-triplasm). Selfed seeds from the fertile A 3 F 2 progeny, and from azine-2,4,diamine] were applied at 3.36 and 1.12 kg ha Ϫ1 , re-A 1 , A 2 , A 3 , and A 4 'Wheatland' (Pedersen and Toy, 1997) spectively, immediately after planting. No attempt was made were sowed in separate pots and grown in the greenhouse. One to isolate the yield trial from exogenous pollen sources, which young leaf from each of 5 seedlings per line were removed, 12 included diverse sorghum genotypes planted in the same exto 19 d following planting, and frozen at Ϫ20ЊC. Leaves from perimental nursery and shattercane present in surrounding a given line were combined and total DNA was extracted by agricultural production fields. No supplemental irrigation was means of the Nucleon Phytopure Kit (Amersham Biosciences, applied. Plots were harvested with a small-plot combine and Piscataway, NJ Gold PCR Master Mix (Applied Biosystems, Foster City, CA) at Ithaca, NE. Agronomic culture, soil type, and plot arrangeand PCR was begun with a 5 min, 94ЊC hot-start followed by ment were as described above, except plots consisted of a 30 amplification cycles of 30 s at 94ЊC, 60 s at 62ЊC and 60 s single 7.6 m long row. The main panicle from ten (occasionally at 72ЊC and completed with a 7 min extension at 72ЊC. Reac-11) random F 2 individuals in each plot was covered with a tions were size fractionated in 2% (w/v) agarose gels. Control pollinating bag before initiation of anthesis. Pollinating bags DNAs from plant lines IS1112C and B 3 Tx398 (fertility mainwere inspected for integrity at plant maturity and removed.
tainer line) and from pHC104, containing orf107 (Tang et al., Percent seed set on individual panicles was visually estimated relative to a completely fertile panicle. Only panicles that 1996), were generously provided by Daryl Pring.
90 to 100% seed set, thus ruling out error due to bagging after a small number of stigmas were exerted. All other A 3 F 2 individuals examined had no seed set. It was therefore hypothesized that infrequent, but observed, incomplete combine and planter clean-out between plots could have contributed to mechanical mixing of non-A 3 seed with the A 3 seed. Such contaminating seed could be misinterpreted as viable pollen being produced by a very low percentage of A 3 individuals. Seed was not harvested from the nine fertile individuals exhibiting seed set in 2001. The fertility evaluation experiment was therefore repeated in 2002 and selfed seed from fertile A 3 F 2 individuals harvested for determination of cytoplasm. Examination of the raw data from 2002 revealed that 20 of 1007 A 3 F 2 individuals set seed.
PCR Analysis of 20 Fertile Putatively A 3 Individuals
Four of the 20 self fertile A 3 F 2 progeny lines contained plants carrying the mitochondrial orf107 marker for A 3 male sterile cytoplasm (Fig. 1) . The 16 self fertile individuals not carrying the mitochondrial orf107 marker for A 3 male sterile cytoplasm are assumed to have arisen from contaminant non-A 3 seed. PCR analysis was repeated on the four lines with the A 3 cytoplasm using a newly prepared DNA to ascertain that these results were not due to DNA contamination, and the individuals were not incorrectly classified as fertile because of bagging after a small number of stigmas were
RESULTS AND DISCUSSION
exerted. The fourth confirmed A 3 F 2 individual had low percent seed set (5%) which could possibly be attributed
Evaluation of F 2 Progeny for Fertility
to bagging error. Year of fertility evaluation and year of F 2 seed producConservatively, in 2002 restoration of fertility in A 3 tion effects were not significant at P ϭ 0.05. Cytoplasm cytoplasm could have occurred independently in 4 of effects were highly significant (P Ͻ 0.0001), with percent 1007 lines, or at a rate of 0.4%. This observation is not seed set on selfed A 1 F 2 individuals averaging 74%, without precedent. Unexplained low levels of fertility and percent seed set on selfed A 3 F 2 individuals with in progeny of A 3 Tx398 pollinated with sudangrass pollen averaging 0.04%. Hybrid and hybrid ϫ cytoplasm efwere observed in previous research at our location (Pedfects were highly significant (P ϭ 0.0065 and P Ͻ 0.0001, ersen and Toy, 1997). Recovered restoration capability respectively), but examination of the data leads us to to A 3 male sterile cytoplasm has similarly been observed believe that the hybrid ϫ cytoplasm interaction was due by in bulks of NP28 and NP35 sudangrass (D.R. Pring, to hybrid differences in A 1 cytoplasm. F 2 individuals personal communication, 2003). We are continuing exfrom A 1 hybrids were necessarily included in the study perimentation with these four self fertile lines perhaps as positive checks to establish that substantial fertility to establish reasons for these unexpected results. restoration occurred and was detected (data not shown).
Mean percent seed set for selfed individuals of A 3 F 2
CONCLUSIONS
hybrid families, and upper and lower confidence limits for each mean are shown in Table 1 . Average percent Additional research investigating associated risks and benefits of adaptation of the technique proposed by Feil seed set approached zero for selfed A 3 F 2 progeny from all 12 hybrids (lower confidence limits Յ Ϫ0.14, P ϭ et al. (in press) to sorghum using A 3 male sterility will be necessary. The unexplained apparent fertility resto-0.05; upper confidence limits Յ 1.32, P ϭ 0.05). However, the incidence of individuals with the ability to set ration in four of 1007 A 3 lines needs to be understood to assess better the risks of gene flow through pollen seed when selfed in most A 3 F 2 hybrid families was indicative of viable pollen being produced by at least from such plants. Large scale use of A 3 male sterile hybrid seed containing a small percentage of nontranssome of these individuals.
Examination of the raw data from 2001 revealed that genic pollinators would also increase the risk of infection by sorghum ergot (Claviceps africana Frederickson, nine of 946 A 3 F 2 individuals examined set seed and had The results from this study support the hypothesis Feil B., U. Weingartner, and P. Stamp. Controlling the release of that gene flow through pollen can be severely restricted pollen from genetically modified maize and increasing its grain in sorghum by adaptation of the technique proposed by yield by growing mixtures of male-sterile and male-fertile plants. Euphytica (in press).
